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1.65 0.687
,
24 1 0.15Re
ReD ls l
C         (4) 
The drag coefficient between the liquid and gas phases could be calculated as follow. 
1 22
0.687
,
24 2max 1 0.15Re ,
Re 3
l g g
D lg m
m
g d
C      (5) 
Where gd  is the gas bubble diameter and  is the surface tension. The Re and Rem are the modified and the mixture 
Reynolds’ number, which can be determined by the following equations.  
Re l ll
l
u D
          (6) 
And 
0.4
2.5
Re
1
g l
g l
l g l g
m
l g
u u d
 
        (7) 
Where D  is the wetting perimeter.  
The three-phase flow pattern was simulated by ANSYS 13®. The convergence level of 10-4 was used. 
2.3 Flow within distribution pipe 
Simulation of flow pattern inside the distribution pipe was performed by injecting the water from both tips (inlet 1 and inlet 
2) simultaneously. Tetrahedron mesh was used for meshing the pipe volume, with the resolution of 3,148,558 meshes.  
Properties of wastewater inlet were assumed to be pure water and flow through the pipe as no slip wall condition. 
 
Velocity of water flow at each distributing pores was compared with the value of upper- and lower-percent deviation from 
the mean velocity (%UDM and %LDM respectively) and percent of magnitude (%M) for comparing the efficiency of water 
distribution. 
                                                                                                         (8) 
                                                                                                          (9) 
 
                                                                                                                                          (10) 
 
Table 1 Physical properties of liquid, gas and solid phase. 
Phase Density [kg/m3] 
Viscosity 
[kg/m-s] 
Diameter 
[m] 
Liquid  
(Wastewater) 
997 8.90x10-4 - 
Solid  
(Granular Sludge) 
1,042 [6] 1.80x10-1 [7] 0.002 
Gas  
(Biogas Bubble) 
1.185 1.83x10-5 0.001 
 
Table 2 Model boundary conditions and model parameters. 
Descriptions Values 
Reactor’s volume 
Inlet boundary condition 
6,000 m3 
Velocity inlet, 1,200 m3/d 
Outlet boundary condition Opening 
Wall boundary condition No slip for liquid, Free slip for solid and gas 
Initial solid volume fraction 0.18 
Initial gas volume fraction 0 
Reference operating pressure [atm] 1 
Inlet gas velocity [m/s] 1.94 x 10-7 
Convergence criteria 10-4 
 
Table 3 Water flow rate, Reynolds’ numbers and the model used for simulating the flow within the distribution pipe.   
Flow rate 
(m3/d) 
Reynolds’ 
Number Model 
120 1,683 Laminar model 
240 3,359 Transition model (ANSYS, 
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0.50 8.11 13.67 32.64 
6 0.01 4.33 12.53 13.70 
0.10 4.40 12.00 15.15 
0.30 4.62 11.62 26.23 
0.50 8.78 17.33 32.64 
 
 
3.2 Flow within inlet distribution pipe 
Distributions of velocities along the pipe of the entire operating conditions were similar, as shown in Fig. 4. The highest 
velocities presented nearby the tips of pipe, and became lowest at the middle length of the pipe due to the pressure-drop and 
the momentum of both inlets encountered. The effect of pressure-drop was clear once the water feeding rate small, which is 
the momentum of inlet water was less. 
The comparison of distribution efficiency in term of %UDM, %LDM and %M found that. The lowest water feeding rate, 
120 m3/d, as shown in Fig.3(a), the water was distributed along the pipe with the average velocity of 0.0182 m/s, whereas 
the lowest and the highest velocity were 0.0174 (5.49%UDM) and 0.0192 m/s (4.40%LDM) respectively. The value 
of %UDM and %LDM dictated the velocity variation of distributed water along pipe length stay array nearby the mean 
velocity, as those two values were less than 10. The distributor pipe could also supply the wastewater cover the area of 
reactor bottom with the efficiency of 90.63%M. 
The water feeding rate of 240 m3/d, as shown in Fig.3(b), produced the average velocity of 0.0363 m/s with the 
maximum and minimum velocity of 0.0383 (5.51%UDM) and 0.0340 m/s (6.33%LDM), respectively. This feeding 
condition created the value of 88.77%M.  
Efficiency of distributor pipe tends to be enhanced during the high season of cassava starch production. The feeding rate 
of water at level of 600 and 1,200 m3/d, as shown in Fig.3(c) - (d), produced the high similarity of water distribution along 
the pipe. As the 600 m3/d condition, the maximum and minimum velocity presented at the level of 0.0940 (3.41%UDM) 
and 0.0878 m/s (3.41%LDM) respectively, and also 93.40%M. 
While the inlet feed flowrate of 1,200 m3/d produced the maximum and minimum velocity as 0.1857 (2.20%UDM) and 
0.1758 m/s (3.36%LDM) respectively, and also produced 94.67%M. The high similarity of distribution along the pipe was 
obtained because these two operating condition produce the rich of entry momentum, and that took over the effect of 
pressure-drop. 
 
     
Fig. 3 Velocity of water at each distributing pores along the length of pipe. 
The feeding style as injecting the water from both pipe ends created the stagnant fluid in the middle pipe length (Fig. 4). 
Which is the anti momentum region, where is the sludge can be accumulated. 
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Fig. 4 Velocity vectors within distributor pipe showed the stagnant fluid at the middle pipe length. 
3.3 Three-phase flow pattern inside the industrial-scale biogas reactor. 
According to the actual industrial-scale biogas reactor is facing the granular sludge wash-out. The developed CFD-
models were used to find the problem. The simulation result indicated that an orifice design has an impact on the 
momentum transfer inside the reactor. The inlet orifice with the angle of 45o downward to the reactor bottom forced the 
axial-momentum transfer. Fig shows the water-wall reflection. The inlet water reflected the wall and then flow directly 
through the reactor’s top. This mechanism encouraged the axial-momentum transfer in the area closed to the wall. Fig. A 
shows the water flow with velocity higher than the terminal velocity of the granular sludge, 0.0315 m/s. The granular sludge 
appeared at the reactor’s outlet, which is the sign of sludge wash-out, as shown in Fig. B.   
 
 
Fig. 5 The inlet orifice design with the angle of 45o downward to reactor’s bottom forced the axial-momentum transfer.  
 
   A       B 
Fig. 6 An iso-surface shows: A. The velocity of wastewater flow higher than the sludge terminal velocity, B. vectors of granular sludge appeared at the 
reactor’s outlet. 
Stagnant fluid 
Weir
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